Abstract: Plasmonic structures can precisely localize electromagnetic energy to deep subwavelength regions resulting in significant field enhancement useful for efficient on-chip nonlinear generation. However, the origin of large nonlinear enhancements observed in plasmonic nanogap structures consisting of both dielectrics and metals is not fully understood. For the first time, here we probe the third harmonic generation (THG) from a variety of dielectric materials embedded in a nanogap plasmonic cavity. From comprehensive spectral analysis of the THG signal, we conclude that the nonlinear response results primarily from the dielectric spacer layer itself as opposed to the surrounding metal. We achieved a maximum enhancement factor of more than six orders of magnitude compared to a bare gold film, which represents a nonlinear conversion efficiency of 8.78 × 10 −4 %. We expect this new insight into the nonlinear response in ultrathin gaps between metals to be promising for onchip nonlinear devices such as ultrafast optical switching and entangled photon sources. Metasurface perfect absorbers from visible to near-Infrared," Adv. Mater. 27(48), 8028-8034 (2015). 11. M. Kauranen and A. V. Zayats, "Nonlinear plasmonics," Nat. Photonics 6(11), 737-748 (2012). 12. Y. Zhang, N. K. Grady, C. Ayala-Orozco, and N. J. Halas, "Three-dimensional nanostructures as highly efficient generators of second harmonic light," Nano Lett. 11(12), 5519-5523 (2011 
Introduction
The efficiency of nonlinear generation can be enhanced by taking advantage of nanostructures that mold the local electromagnetic fields, such as all-dielectric nanodisks [1, 2] , metallic nanoantennas [3] [4] [5] , and patterned gold film [6, 7] . Plasmonic nanostructures are especially promising as surface plasmon polaritons can confine light to volumes much smaller than the diffraction limit of light [8] [9] [10] , resulting in greatly enhanced local electromagnetic fields which also results in relaxed phase matching conditions [11] . A variety of nonlinear processes have been studied including second harmonic generation (SHG) [6, 7, [12] [13] [14] [15] , third harmonic generation (THG) [1] [2] [3] [4] [5] 16, 17] , and four wave mixing (FWM) [7, 18, 19] . Among these nonlinear processes, THG has attracted great interest since symmetry breaking is not required and it plays a key role for nonlinear imaging [20] and optical switching [21] . Plasmonic enhancement of THG have been studied in bowtie [4, 5] , nanowire [17] , and gap-plasmon structures [3] ; however, open questions still remain as to the main source of the nonlinear response in such hybrid systems consisting of both metals and dielectrics.
Here, we utilize spectral analysis and a variety of dielectric materials to investigate the main source of the THG response in a hybrid plasmonic structure, namely the film-coupled gold nanostripe resonator, as well as demonstrate a large nonlinear enhancement and high conversion efficiency. A comprehensive investigation of the THG response for different nanostripe widths, excitation wavelengths and gap thicknesses indicate that the THG response mainly originates from the dielectric layer itself.
Results
A schematic of the sample structure is shown in Fig. 1(a) , consisting of a thin dielectric layer sandwiched between a 75 nm gold film and gold nanostripes fabricated by electron-beam lithography (EBL). Four different dielectric materials with thicknesses between 1 and 5 nm are studied here: Al 2 O 3 , HfO 2 , and TiO 2 deposited by atomic layer deposition (ALD) and ITO deposited by sputtering. The chosen thickness for each material was the thinnest that could reliably be fabricated while maintaining a continuous and uniform layer on top of the gold film. The stripe widths were characterized by scanning electron microscope (SEM) and ellipsometry was used to measure the thickness of the dielectric layers. The period between the stripes was kept constant for all measurements at 250 nm while the stripe widths were varied to achieve a variety of plasmonic resonances. The structure acts as a plasmonic nanocavity which localizes and strongly enhances the optical field [8] [9] [10] when excited with light polarized perpendicular to the stripes ( Fig. 1(b) ), whereas no absorption is observed for a polarization along the stripes as localized plasmon resonances are not supported. Therefore, all samples were excited with light polarized perpendicular to the stripes and an excitation wavelength of 1500 nm was used for all experiments (except wavelength dependence measurements). In order to match the plasmon resonance of the structure with the fixed excitation wavelength, white light absorption measurements were performed on each sample to determine the specific stripe width resulting in a plasmon resonance centered at 1500 nm. A characteristic THG signal is observed at 500 nm ( Fig. 1(c) ), using a home-built microscope in a reflective configuration, for a sample with a 1 nm HfO 2 layer. To verify that the peak is indeed from the THG process, we performed excitation power dependence measurements on the stripes and the nearby dielectric-metal film (without stripes) as a control for each sample, as well as on a bare gold film (with no dielectric material). Figure 1(d) shows the THG intensity as a function of incident laser power from the film-coupled nanostripes with a 1 nm layer of HfO 2 . A polynomial function fit reveals a slope of 3.03, very close to three as is expected from the third order nonlinear process. Similarly, we have also confirmed the THG response from the other samples with different dielectric materials as well as the bare gold film by verifying the third power law. This allows for the intensities measured at different powers to be interpolated enabling direct comparison between different samples.
As a first step to elucidate the main source of the THG enhancement in this plasmonic structure, we explore the fundamental resonance for various widths of the stripes on samples with four different dielectric materials (1 nm Al 2 O 3 , 1 nm HfO 2 , 5 nm ITO and 3 nm TiO 2 ). For each sample, the THG signal was collected from five different arrays of stripes with an incident laser wavelength of 1500 nm. Figure 1 (e) reveals the stripe width for each sample that result in the maximum THG response, which is consistent with the specific stripe width that corresponds to an absorption peak at 1500 nm. It is also observed, that the THG response decrease rapidly for stripes with widths corresponding to resonances away from the excitation wavelength. This is expected as nanostripes with a plasmon resonance overlapping with the excitation wavelength at 1500 nm has the maximum localized field intensity and thus the maximum nonlinear response.
To further probe the origin of the nonlinear response, measurements of excitation wavelength dependence were performed. In these experiments, the stripe width of each sample was fixed to ensure a resonance at 1500 nm, and the excitation wavelength was tuned from 1470 nm to 1530 nm. Figures 2(a)-2(d) show the dependence of the THG response on the excitation wavelength for the four samples mentioned above. It is observed that the nonlinear response decrease rapidly when the excitation wavelength is detuned from the 1500 nm resonance. Furthermore, control measurements from areas without stripes show a nearly constant THG signal independent of the excitation wavelength. As high excitation power (10 mW), which was used for the control measurements could lead to damage of the stripes, the intensities shown in Fig. 2 for the stripes were measured at lower excitation powers (0.125 −0.25 mW) and interpolated to the power used for the control sample using the third power law verified above ( Fig. 1(d) ). From Lorentzian fits to the experimental data in Fig. 2 , the full width at half maximum (FWHM) was extracted from the different samples. The smallest thickness of 1 nm of HfO 2 has the narrowest FWHM of 25 nm and a relatively large refractive index of 2.07, while the thicker 5 nm ITO has the largest FWHM of 50 nm and a relatively small refractive index of less than 1.6. Generally, it is observed that the FWHM is narrower for thinner dielectric layers and for dielectrics with larger refractive index (as obtained from literature [22] [23] [24] [25] ) at 1500 nm. The electric field distribution is simulated in this hybrid structure using the experimental dimensions for the sample with a 3 nm TiO 2 dielectric layer (Figs. 2(e)-2(f)). The confined electric field within the dielectric layer in the gap region decreases once the plasmonic structure is even slightly off-resonant with the excitation wavelength from 1500 nm to 1470 nm. The rapid decay of THG intensity from stripes that are off-resonant can be explained by the rapid decay of this localized field intensity. This is also supported by the observation that the THG signal from areas without stripes does not exhibit any significant dependence on the excitation wavelength. Thus, the THG response is strongly related to the enhanced field intensity confined within the dielectric layer pointing towards the dielectric layer contributing significantly to the observed THG. Next, to quantify the THG enhancement in these structures, we selected a bare gold film as a reference since the nonlinear response from the very thin dielectric layers alone without the underlying gold film is inherently too weak to observe. The THG enhancement is thus defined here as the THG signal from a given sample divided by the THG signal from a gold reference sample using the same excitation wavelength and power. We observe that for the two Al 2 O 3 samples, the THG intensity increases by more than two orders of magnitude as the gap thickness is decreased from 3 to 1 nm as shown in Table 1 . Additionally, almost an order of magnitude larger THG enhancement is observed for 1 nm of HfO 2 embedded in the nanostripes as compared with 1 nm of Al 2 O 3 . This large difference between the THG enhancements of the two samples is unlikely originating from the gold films alone because the nonlinear response from the gold areas is similar, given that the electric field intensity within the gold is similar for these two samples. The difference is also unlikely due to any small variation in their cavity volumes, resulting from stripe width variations. Thus, the large difference between the THG enhancements for the two samples must be related to the different dielectric materials in the gap. This observation indicates that, at least for the HfO 2 sample, that the main THG source is the dielectric itself. Further supporting this interpretation is the observation of more than three orders of magnitude larger THG enhancement for the 3 nm TiO 2 sample as compared with the 3 nm Al 2 O 3 sample. TiO 2 has a χ (3) value of 2.1 × 10
(m 2 /V 2 ) which is around two orders of magnitude larger than that of Al 2 O 3 (3.1 × 10
(m 2 /V 2 )) [26] , therefore giving rise to a larger THG signal. We also notice that the 5 nm ITO sample has a relatively large enhancement because of its very large χ (m 2 /V 2 )), even though it has a thicker dielectric gap compared with the other samples. Therefore, larger χ (3) values and thinner gaps are important factors to achieve higher THG enhancement in this hybrid plasmonic structure. Even though the χ (3) value of HfO 2 has not yet been reported in literature, the observed THG enhancement from our experiments ( In addition to the large enhancement, the coupled stripe-film system also exhibits a high conversion efficiency from incident excitation energy to THG intensity. The efficiency is defined as the power of the THG response generated from the sample divided by the power of the incident laser. The incident excitation power is measured by a power meter, while the power of the THG response is derived from the CCD counts and is normalized by a calibrated light source (Labsphere). As shown in Table 1 , the gold reference sample has a low THG efficiency of 2.05 × 10 -9 %, while the dielectric samples with stripes can achieve relatively high efficiencies as compared to gold. The highest efficiency observed here was 8.78 × 10 -4 % from 3 nm of TiO 2 embedded in the plasmonic film-coupled nanostripes. Different definitions for the THG efficiency used in literature complicates a direct comparison of their absolute values [4] . However, we show that a high efficiency compared with gold can be achieved with the same structure on different materials despite relatively low χ (3) values of some of the materials. In the experiments here, the excitation power was limited to 5 mW in order to prevent damage of the sample due to the corresponding large localized field intensity. Another figure of merit to enable comparisons to other studies, is an effective χ (3) value [4] from the sample, which is defined as the product of the χ (3) value of gold and the corresponding enhancement factor as the same excitation conditions are used. The highest estimated effective χ (3) value from the dielectric material embedded in the nanostripe structure is from the 3 nm TiO 2 sample with a value of 1.2 × 10 −12 (m 2 /V 2 ). The effective χ (3) values from the other dielectric samples are listed in Table 1 .
While most previous research focused on the intensity of the THG response, few investigated the shape of the spectrum itself [3] [4] [5] . Two dimensional finite difference time domain method (Lumerical FDTD Solutions) was used to calculate the THG spectrum. In the simulation model, periodic boundary conditions were used and the structure was illuminated by a normal incident plane wave pulse source with pulse length of 150 fs and central wavelength of 1500 nm, which were consistent with the experimental conditions. A frequency domain power monitor was used to record the output power through the monitor plane in simulations. In experiment, the FWHM of the 5 nm ITO embedded plasmonic structure is found to be only 3.3 nm whereas it is 4.2 nm from the substrate as shown in Fig. 3(a) . This is consistent with the simulation result, where the FWHMs are 3.15 nm and 4.20 nm from the embedded plasmonic structure and substrate, respectively. As seen in Fig. 3(c) , the other dielectric materials follow a similar trend, displaying a narrower spectrum from stripes compared with the substrate. An explanation for this narrowing effect is given by considering the contributions from different nonlinear sources in this hybrid structure. When both nonlinearities are considered simultaneously, as is the case in the experimental data, the spectrum is the same as the simulated stripe case shown in Fig. 3(b) . However, the simulated spectra behave differently when the nonlinearity of the dielectric material or gold is considered individually. As shown in Fig. 3(d) , the nonlinearity of the dielectric material is critical to the narrowing effect of the THG spectrum, while the nonlinearity of the gold alone cannot produce the narrower spectrum which was observed in the experiments. The clear and statistically significant difference between the FWHM of the spectra from the stripes and the substrate is a strong indication that the THG in these structures mainly arise from the dielectric material in the gap. 
Conclusion
In conclusion, greater than six orders of magnitude enhancement in the THG signal was observed from plasmonic film-coupled stripe resonators compared with a bare gold film. To elucidate the origin of the THG signal, a comprehensive study was performed of the filmcoupled nanostripe resonators in terms of stripe width, excitation wavelength and dielectric spacer material. Both these experiments and corresponding simulations indicate that the THG response mainly arises from the dielectric layer itself. Despite using an ultrathin layer of dielectric (1-5 nm), high nonlinear conversion efficiency was extracted, which is promising for future on-chip nonlinear devices. Furthermore, as the THG is a process without saturation where the intensity grows cubically as a function of the incident power, the efficiency can be even higher if the damage threshold of the sample can be increased, given more robust metals and dielectric layers. The hybrid plasmonic structure and the large THG enhancement offer a pathway to explore other nonlinear optical processes at the nanoscale, which are promising for future on-chip nonlinear devices such as ultrafast optical switching and entangled photon sources.
Appendix 1. Fabrication
All of the samples used in this work were fabricated by a three-step fabrication process. First, a 75 nm gold film was deposited onto a silicon substrate by electron-beam evaporation with 2 Å/s deposition rate. Second, an ultrathin dielectric layer was deposited on top of the gold film by ALD or sputtering depending on the material. Al 2 O 3 and HfO 2 were deposited by ALD by VaporPulse Technologies, Inc. TiO 2 was deposited by ALD in an Ultratech Fiji G2 reactor at 250°C with tetrakis (dimethylamino) titanium (IV) and O 2 plasma (40 sccm) precursors at ~ 12 mTorr, which results in a linear growth rate of 0.55 Å/cycle. ITO was deposited by sputtering with 50W DC power and no substrate heating (Kurt Lesker PVD 75). The last step is EBL fabrication of 30 nm gold stripes on top of the dielectric layer. The gold reference sample used in this work was also prepared under the same conditions, but without the dielectric layer and gold stripes.
